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Abstract: Toxicant concentrations in surface waters and sediments are of environmental concern due
to their potential impacts on ecological and human receptors. Numerical, process-based, mass balance
models are one way to understand a system and its governing processes, assist in supporting
management decisions, and evaluate different toxicant release scenarios. The US Environmental
Protection Agency has developed and continues to improve the Water Quality Analysis Simulation
Program (WASP), which is one of the more widely used water quality models in the US and the world.
WASP is a modeling framework with which the user can develop a water quality model for nutrients or
toxicants over a range of complexities and temporal and spatial scales. With the release of WASP
version 8, the architecture of the toxicant module has been updated to allow for an increased number
of state variables, including chemical solutes, particulates, and nanomaterials; as well explicitly
simulating pathogens, temperature, different classes of dissolved organic carbon, and salinity. This
presentation will focus on the recent developments, including the revised WASP8 structure and
interface and the advances in simulating different classes of toxicants in surface waters and sediments.
Details will be given on the new structure for handling light intensity in stream segments, including the
distinction of different wavelengths of light, and on simulating nanomaterials, different particle
attachment processes, and handling the transformation and production of one state variable to another.
A WASP8 example is presented for simulating chemical, nanomaterial, and solid concentrations in the
Cape Fear River, North Carolina, USA.
Keywords: water quality; modeling; water quality analysis simulation program; toxicants; nanomaterials

1

INTRODUCTION

Healthy surface waters provide ecosystem services to humans, such as clean water, recreation,
tourism, and fishing. Understanding how humans impact these ecosystems and their services are
difficult to attain through direct monitoring. Environmental models are used to understand complex water
quality processes in interconnected systems, to support management decisions, and to evaluate
toxicant release scenarios. One environmental model that has been used for these purposes over the
years is the Water Quality Analysis Simulation Program (WASP), which is widely used throughout the
US and the world. WASP is a dynamic, spatially-resolved, differential equation, mass balance fate and
transport modeling framework which is used to develop water quality models to simulate concentrations
of environmental contaminants in surface waters and sediments.
WASP has been implemented on a range of different surface water systems, addressing diverse
environmental contaminants. Some examples of the projects where WASP has been previously
implemented are: nutrient loading on water quality in Tampa Bay, Florida (USA) (Wang et al. 1999),
mercury remediation strategies in the Sudbury River, Massachusetts (USA) (Knightes 2010), mercury
fate and transport in the Carson River, Nevada (USA) (Carroll et al. 2000), nutrients TMDL for Neuse
River Estuary, North Carolina (USA) (Wool et al. 2003), global sensitivity analysis of nutrient parameters
in the South Saskatchewan River, Alberta/Saskatchewan (Canada) (Hosseini et al. 2016), PCBs in the
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Niagara River, New York/Ontario (USA/Canada) (Franceschini and Tsai 2010), impacts of climate
change on water quality of Chungju Lake (South Korea) (Park et al. 2013), and the fate and transport
of multi-walled carbon nanotubes in Brier Creek, Georgia (USA) (Bouchard et al. 2017).
The most recent release, WASP8 (v. 8.1, epawasp.twool.com) represents an overhaul of the
architecture and a restructuring and upgrading of the toxicant module. With the development of WASP8,
an update of the underlying from FORTRAN 77 to Fortran 95 was implemented. This release also
incorporated a new WASP interface, a new post-processor (Water Resources Data Base, WRDB), and
the ability to run on a PC or Mac. One driver of this effort was interest in emerging contaminants and
the possible exposure concentrations of these pollutants once released in the environment. In line with
the aforementioned motivation, the state variables of the WASP8 Advanced Toxicant module were
completely restructured as distinct, reallocatable arrays to permit for simulation of any number of
chemical solutes, solid particles, and nanomaterials. This is a departure from the original architecture.
Additional functionality has been added to incorporate nanomaterial specific processes, specifically
particle attachment kinetics.
WASP8 has two main modules, one for nutrients (Advanced Eutrophication) and one for toxicants
(Advanced Toxicant). In this paper, we present details on the recent advances on the Advanced
Toxicant module. Specifically, we address the updates that affect simulating solids, solute chemicals,
and nanomaterials. Particle attachment and light-driven reactions are discussed as they are important
governing processes for both solutes and nanomaterials.
2

MODELING FRAMEWORK

WASP is designed to create surface water models simulating environmental concentrations in the water
column and sediment layers of different aquatic ecosystems over space and time. The user interacts
with the WASP interface to develop a water quality model for a specific system of interest and specific
contaminants of concern. WASP is structured using a series of different components. Figure 1 shows
the WASP modeling framework.

Figure 1. WASP Modeling Framework
The user is able to specify the spatial and temporal resolution of the WASP model, ranging from 0-D
lakes and ponds, to 1-D streams, 1-D streams including branching, 2-D rivers and stratified lakes, and
3-D estuaries or large lakes. The model domain for WASP is a series of segments, stacked and/or
layered in all dimensions. Segments are uniformly mixed, whether they are a water column or sediment
segment. The concentration of each variable is simulated for each segment at each time step. The
Advanced Toxicant module is structured by having state variable classes, such that instead of providing
functionality for simulating particular chemical contaminants (e.g., benzene, titanium dioxide), the model
provides functionality according to more general toxicant classes (e.g., chemical, nanomaterial). This

C.D. Knightes et al. / Simulating Toxicant Concentrations in Surface Waters and Sediments…

provides flexibility to the user for constructing a WASP model for a contaminant of interest. By defining
the governing processes and parameterizing these processes, the user effectively defines the
characteristics of that state variable. The model provides different options for how each process is
described according to broad contaminant class characteristics. See Table 1 for WASP8 state variables
and governing processes.
A WASP segment can be either surface water, subsurface water, surface benthic, or subsurface
benthic. Governing equations for concentrations generally follow the advection-dispersion-reaction
equation. The science module and the transport module are solved as mass balance, differential
equations for each segment for each time step. The user may select different solution techniques, but
generally the forward Euler numerical approximation approach is used with internally calculated varying
time steps designed to minimize numerical instability.
Table 1. WASP8 state variables, with examples and example governing processes

3

State Variables
1-10+ Solids

Examples
Sand, Silt, Clay, Particulate
Organic Matter, Algae

Example Governing Processes
Settling, Deposition, Erosion,
Resuspension,
Bed Load, Growth, Decay

1-10+ Solute Chemicals

MTBE, PAHs, PCBs,
BTEX, Chlorinated
Solvents, VOCs, Organic
Acids, Pesticides, Metals

Oxidation, Reduction,
Biodegradation, Particle Attachment,
Ionization, Volatilization
Phototransformation

1-10+ Nanomaterials

Graphene Oxide, Carbon
Nanotubes, Titanium
Dioxide, Iron Oxide, Silver

Decay, Phototransformation,
Particle Attachment

1-5+ Dissolved Organic
Carbon

Autochthonous,
Allochthonous

Decay, Complexation

Mercury

Elemental, Divalent, Methyl

Oxidation, Reduction,
Methylation, Demethylation,
Photo-demethylation
Volatilization, Particle Attachment

Pathogens

Escherichia coli

Decay,
Photo-driven Decay,
Particle Attachment

SOLIDS

Solids are an important environmental component of water quality modeling. Suspended solid
concentrations can be of concern on their own, by reducing light penetration in the water column, by
blanketing benthic spawning areas, or because environmental contaminants attach to the particles and
their transport becomes linked to the movement of the particles. Previous WASP releases allowed up
to three solid particle categories (e.g., sand, fines (clay/silt), and particulate organic matter). In WASP8,
there can be up to 10 solids types as defined by the user; this number can be increased by the developer
through a simple adjustment to a compile parameter. Each solid type state variable is defined by the
way the user constructs the model and parameterizes the solids state variable. Solids in the Advanced
Toxicant Module can either be organic materials (e.g., plankton, algae, detritus) or inorganic (e.g., sand,
silt, clay). The solids state variable captures the processes for all these solids types in a general
framework. The user parameterizes each solid type to reflect its characteristics and properties.
There are 4 options for simulating solids in WASP: flow fields, descriptive, and process-based van Rijn
equations, or process-based Roberts equations. For all options, all solids move via advection.
Dispersion may also move solids if the exchange option is turned on with dispersion rates. The solid
flow field option limits the user to three flow fields, which explicitly define the movement of solids from
segment to segment. The descriptive option uses constant settling and resuspension velocities for each
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segment. The process-based option calculates settling, deposition, erosion, and resuspension based
on the simulated shear stress due to the stream velocity, which then relates the critical shear stresses
governing solids movement. A conceptual description of the sediment processes represented in WASP
8 is provided by Figure 2.

Figure 2. Processes governing the fate and transport of solids in WASP8.
4

LIGHT ATTENUATION AND PHOTOREACTIONS

Solar radiation is an important factor in simulating environmental constituents in surface waters.
Chemicals, metals, and nanomaterials may undergo photochemical reactions, which can result in
degradation and/or transformation of contaminants. Pathogens and viruses may be deactivated by
different wavelengths of light. To effectively simulate phototransformations, WASP accounts for the
amount of light reaching the surface of the water body and the amount of light that penetrates through
the water column. The amount of light reaching the surface depends on cloud cover, shading, and the
day of the year and the time of day. Solar radiation is comprised of different wavelengths and each
wavelength may have different effects on different environmental constituents. In addition, each
wavelength attenuates differently as it passes through the water column and each wavelength makes
up a different fraction of solar radiation.
WASP8 has 3 different options to incorporate solar radiation, Iinput [W m-2 h-1], reaching the water
surface: internally calculated diel light, user input diel light, or user input daily light with calculated diel
light. For the first option, WASP8 will calculate Iinput based on the site latitude and longitude varying by
date and time of day. For the second option, the user enters Iinput as one of four time functions, so that
different locations can have different solar radiation at the surface. For the third option, the user enters
the sum of all radiation for a given day [W m-2 d-1], then WASP8 calculates Iinput over the course of the
day and year.
Once light reaches the surface, WASP8 breaks the incident light into 10 wavelength bands from 295
nm (UVB) to 749 nm (red), based on the latitude of the site. Each of these wavelengths attenuate
through the water column based on the Beer-Lambert law with attenuation coefficients based on the
wavelength band and the concentration of chlorophyll, dissolved organic carbon, and total suspended
solids. Photoreactions of both nanomaterials and solute chemicals follow the same form. The first order
photoreaction rate constant is calculated by multiplying the wavelength dependent reaction rate by the
average light intensity for the segment.
5

PARTICLE ATTACHMENT

Particle attachment is an important process governing the fate and transport of solute chemicals and
nanomaterials. WASP8 currently incorporates equilibrium partitioning by assigning partition coefficients
between solute chemicals and each solid type and kinetic sorption by specifying sorption and desorption
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rates between each solute and solid. Particle attachment for nanomaterials is governed by
heteroaggregation kinetics. Previously, WASP only allowed for equilibrium partitioning.
Heteroaggregation kinetics are modelled using equations based in colloidal theory, accounting for
collision due to Brownian motion, fluid motion, and differential settling (Praetorius et al. 2012).
Heteroaggregation is assumed to be a one-directional process with a probability of any collision
occurring to result in attachment (collision efficiency). The fate and transport of solute chemicals and
nanomaterials that are attached to a particle are governed by the fate and transport processes of the
particle to which they are attached.
6

SOLUTE CHEMICAL REACTIONS

Distribution and concentrations of dissolved contaminants in surface waters are significantly influenced
by interactions between contaminants and the physical and chemical components of aquatic
environments. These fate processes must be fully assessed during the evaluation of contaminant fate
and transport to accurately simulate the behavior of contaminants in surface waters. WASP8 includes
biodegradation, oxidation and reduction, and photochemical reactions and volatilization. The previous
WASP version (WASP7) could simulate these four chemical reactions for up to three chemical state
variables, but WASP8 allows simulation of up to 10 variables, including transformation of one chemical
into another, a chemical into nanomaterials, as well as nanomaterials forming chemicals. A conceptual
description of the sediment processes represented in WASP 8 is provided by Figure 3.

Figure 3. Processes governing fate and transport of solute chemicals in WASP8.
Oxidation, reduction, and biodegradation reactions use a generic transformation reaction rate
constructed by multiplying the base reaction rate constant, temperature correction factor, segment
multiplication factor, and phase multiplication factor. Additionally, Monod kinetics formulation can be
incorporated for the substrate and additional environmental concentrations (e.g., electron acceptors).
7

NANOMATERIAL REACTIONS

Nanomaterials are new state variables in WASP8 and are routinely defined as materials sized between
1 and 100 nm in at least one dimension. Engineered nanomaterials (ENMs) have been applied in all
areas of our daily lives, and their production has increased appreciably in recent years. Such rapid
expansion of ENM production increases the likelihood of ENPs being released into the environment.
Besides the heteroaggregation process in surface waters, ENMs may undergo transformation reactions
including photochemically-driven reactions, sulfidation, and oxidation. WASP8 uses a general reaction
formulation for nanomaterial reactions, similar to the general chemical reaction. The reaction rate
constant is the base reaction rate constant multiplied by the temperature correction factor, phase
multiplication factor, and segment type multiplication factor. The reaction rate can also be multiplied by
a Monod kinetics reaction term for the substrate and additional environmental concentrations. A simple,
first order decay rate of nanomaterials is also available.
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DEMONSTRATION OF RIVER SIMULATION USING WASP8

WASP8 was used to develop a model for simulating flow, solids, light, solute chemicals, and
nanomaterials in the Cape Fear River in the coastal plain of North Carolina (NC), USA (Figure 4).

Figure 4. Site map of the WASP8 Cape Fear River Model.
The model domain consists of a 90 km stretch of the river from USGS Gauge 02105500 to USGS
Gauge 02105769, consisting of 45 water column segments, each 2 km long and 92 m wide, overlying
45 sediment segments. This section is used as a source of drinking water at several locations, and
there are no substantial tributaries. Flow is simulated using stream routing with hydraulic geometries of
the segments using daily flow at the upstream gauge. The state variables simulated are: sand, silt, clay,
particulate organic matter, dissolved organic carbon (DOC), two organic solutes, and a nanomaterial.
The overall processes are presented in Figure 5. The solids are simulated using the process-based
routines, with settling, deposition, erosion, resuspension. One organic solute (Chemical 1) biodegrades
into the second (Chemical 2), and both volatilize, attach to solids assuming equilibrium partitioning, and
complex with DOC. The nanomaterial attaches to particles via heteroaggregation kinetics, and the nonattached nanomaterial photo-degrades. We assume a constant load of 10 kg/d of Chemical 1 and 0.1

Figure 5. Overall governing fate and transport processes for the Cape Fear WASP8 Model
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kg/d of nanomaterial into the upstream segment. Solids have a boundary condition of 6 mg/L silt, 4
mg/L clay, 2 mg/L POM, and 8 mg/L DOC. Initial conditions of chemicals, nanomaterials, and DOC are
zero everywhere. Initial concentrations of solids are zero in the water column, and sand of 472,540
g/m3, silt of 250,030 g/m3, clay 356,500 g/m3, and POM 30,860 g/m3 in the benthic layer.
Representative results are presented in Figure 6. Four locations are presented to capture the different
concentrations simulated along the length of the Cape Fear River. These simulations show how
Chemical 1 (red) transforms into Chemical 2 (blue) moving downstream and concentration of Chemical
2 increases in the sediments. The partition coefficients for Chemical 2 are an order of magnitude higher
than Chemical 1, which translates into more Chemical 2 in the sediments traveling downstream. The
nanomaterial concentration decreases with distance as it degrades due to light-driven processes. The

Figure 6. Simulated concentrations of the two chemicals, nanomaterial, and four solids along the 90km reach of the Cape Fear River for 2000 days for: upstream segment (Column 1, Segment 1, 0 km),
one-third of the way downstream (Column 2, Upper Midstream, Segment 15, 30 km), two-thirds of the
way downstream (Column 3, Lower Midstream, Segment 30, 60 km), and downstream (Column 4,
Downstream, Segment 45, 90 km). The first two rows are Chemical concentrations (Chem 1 is thin red
line, Chem 2 is thin blue line). Row three and four are nanomaterial concentrations (thin green line).
Rows fix and six are solid concentrations (sand: red, silt: green, clay: blue, and POM: black). First of
pair is water column concentration (mg/L for chemicals and solids, ug/L for nanomaterials), and second
of each pair is sediment layer concentration (g/m 3 for chemicals and solids, mg/m 3 for nanomaterials).
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nanomaterial concentration also increases in the sediments over time and distance. The
heteroaggregation process for nanomaterial attachment to solids is a unidirectional process, which
results in the slow steady climb in concentration in the sediments, which is different from the equilibrium
partitioning process of the chemicals. The concentrations of chemicals and nanomaterials vary as the
load is constant while the incoming flow is variable. The solids concentrations change over time and
with distance, as the sediment layer provides an additional loading source for downstream segments.
9

CONCLUSIONS

WASP8 has incorporated substantial improvements and advances over previous WASP releases,
particularly for the Advanced Toxicant module, which has been completely restructured and
incorporates new processes and a range of new state variables. The goal of this paper and the
associated presentation is to present a summary of the more substantial advances in WASP8. More
details are available in lecture notes and through annual workshops (see epawasp.twool.com). WASP
simulates concentrations at every time step for every location within the model domain. Four locations
(including the water column and sediment layer) are presented for demonstration; 45 locations (90 total
segments) are simulated. The new improvements in WASP8 provide an opportunity for simulating a
range of environmental contaminants. WASP8 is the only publicly available water quality model of which
we are aware that has these capabilities, particularly with respect to nanomaterials.
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